T cell recognition of antigen is a crucial aspect of the adaptive immune response. One of the most common means of pathogen immune evasion is mutation of T cell epitopes. T cell recognition of such ligands can result in a variety of outcomes including activation, apoptosis and anergy. The ability of a given T cell to respond to a specific peptide-MHC ligand is regulated by a number of factors, including the affinity, on-and off-rates and half-life of the TCR-peptide-MHC interaction. Interaction of T cells with low-potency ligands results in unique signaling patterns and requires engagement with a larger number of T cell receptors than agonist ligands. This review will address these aspects of T cell interaction with weak ligands and the ways in which these ligands have been utilized therapeutically.
Stimulation with an agonist peptide rapidly activates both positive and negative signaling events. However, due to the nature of the interaction, the positive signaling events that are initiated are sufficient to either inhibit the negative signals or overbalance them to such an extent that the result is full activation of the T cell, as evidenced by proliferation and the development of effector functions such as cytokine production. As our laboratory and others have demonstrated, T cells can recognize a broad spectrum of ligands, encompassing stimuli that result in activation of only a subset of effector functions (partial agonists) or even inhibition of the T cell's ability to respond to agonist stimulation (antagonists) [1] [2] [3] .
T cell recognition of both strong and weak ligands is an important aspect of T cell biology. Variants of agonist ligands occur frequently during viral infection, providing impetus for the continued study of the biology of T cell responses to a broad spectrum of pMHC ligands.
Studies of signaling in response to weak ligands have demonstrated that T cell recognition of ligands that vary in potency is quantitatively and qualitatively different and not attributable to simple dose effects ( [4, 5] , our unpublished data). Furthermore, the kinetic parameters of a given interaction between the trimolecular TCR-peptide-MHC complex correlate with the stimulatory capacity of the ligand [6, 7] . The ability of T cells to respond to ligands that vary in potency affects the response to pathogens that are able to mutate their T cell epitopes and may also be harnessed for therapeutic use in several different ways. Each of these themes will be explored further in this review.
Escape mutants: naturally occurring variant peptides
Pathogens employ a number of different mechanisms to evade the immune system. Among the most common of these approaches is mutation of T cell epitopes. The stochastic nature of the mutations generated by pathogens can result in a broad spectrum of ligand stimulatory capacity, mimicking all of the classes of altered peptide ligands (weak and partial agonists, antagonists) initially described using synthetic peptides and model systems. Of course, the mutation itself may be detrimental to the fitness of the pathogen. However, the impact of such a mutation on the T cell response can have an equally dramatic effect on the maintenance or clearance of the infection.
Mutated T cell epitopes have been most widely studied in viruses, although escape epitopes have also been identified in bacteria and parasites [8] [9] [10] [11] [12] . Viruses, particularly those with an RNA genome, are more likely than bacteria or parasites to develop mutations in T cell epitopes due to the error-prone nature of their genomic replication [13] . Mutations leading to the generation of an antagonist epitope have been described for several viruses and parasites [9, 10, [14] [15] [16] [17] [18] . Antagonists are defined as altered peptide ligands that induce little to no T cell activation when given alone, but are able to inhibit the T cell's ability to respond to agonist stimulation with both agonist and antagonist present [2] . The phenomenon of antagonism was initially described in vitro; however, the generation of an escape mutant during an ongoing viral infection could also present a situation in which the agonist ligand and the mutant are encountered by a single T cell. Inhibition of the T cell response due to the generation of antagonist ligands has been described in human immunodeficiency virus [10, 19, 20] , as well as hepatitis B virus, [9] , human T lymphotropic virus [14] , Plasmodium falciparum [18] , lymphocytic choriomeningitis virus [16, 21] , and hepatitis C virus [15, 17, 22] .
A related phenomenon that is distinct from classical antagonism but likewise mediated by variant peptides has been termed "immune interference". This means of immune evasion was initially described for a variant epitope from Plasmodium falciparum [23] . Peptides that mediate this interference effectively block initial T cell priming events, thereby altering the effective repertoire in the infected individual. Another means by which escape mutants can alter the T cell repertoire is by selectively expanding cross-reactive T cell populations [24] . Similarly, a subsequent study utilizing a model antigen and an antagonist variant demonstrated that the presence of the antagonist ligand at the time of initial priming resulted in a failure of the T cells to develop normal effector functions, and the cells were ultimately eliminated via apoptosis [25] . These studies emphasize that the presence of variant ligands at the time of infection (i.e., concurrent infection with multiple strains or subspecies) can be just as devastating to the immune response as the mutation of T cell epitopes during ongoing infection, and this situation likely plays an important role in the subsequent development of T cell memory.
The outcomes of T cell encounter with an epitope mutant vary dramatically depending on the T cell activation state, context of antigen encounter and nature of the antigenic ligand (i.e., affinity of the epitope for MHC and TCR). One frequently observed result of T cell encounter with a variant ligand is a shift in effector phenotype. For example, after encounter with a variant epitope from Plasmodium falciparum, CD4 T cells were shown to shift from IFNγ production to IL-10 secretion [23] . In some systems, escape mutants have been demonstrated to induce anergy in the responding T cells [26] , apoptosis [23, 27] , or a failure of T cell activation [21] .
These responses to mutant epitopes are driven by active negative signaling events or significant alterations in the kinetics of normally activating pathways. For example, we have demonstrated that in vitro stimulation of T cells with a viral escape mutant epitope from lymphocytic choriomeningitis virus resulted in abrogated positive signaling events (Erk1/2 phosphorylation) and augmented negative signaling events (SHP-1 phosphatase activity) [28] . The induction of altered signaling pathways by variant ligands will be discussed in greater detail later in this review.
It is becoming increasingly clear that weak ligands play a significant role in shaping the immune response. As identification of antigenic epitopes is ongoing, it is impossible to know just how many variant peptides may exist in nature. However, continually increasing our understanding of the impact that variants have on the T cell response may allow us to harness this aspect of the immune response to develop more effective vaccine strategies, as well as treat infections, particularly chronic infections that are often resistant to common therapies. Furthermore, understanding the aspects of T cell binding to pMHC that determine the outcome of the interaction as well as the downstream consequences of these interactions will be crucial to overcoming the effects of epitope escape mutations during infection.
Binding kinetics of antigen recognition
The affinity of the interactions between TCR and peptide-MHC as well as between the antigenic peptide and MHC have long been recognized as playing a crucial role in the outcome of T cell stimulation. Initial measures of the kinetic parameters governing the TCR-peptide-MHC interaction primarily utilized surface plasmon resonance. This technique measures binding interactions with one purified protein immobilized on a solid surface and the interacting partner in the fluid phase. This setup allows for the molecules to interact in three dimensions (3D) and provides data allowing for the extrapolation of kinetic parameters such as on-rate, off-rate, half-life, and affinity. The measures of TCR-peptide-MHC interaction derived in 3D correlate to some extent with ligand potency, although discrepancies were commonly observed for antagonist ligands [7, 29, 30] .
In a typical cell-cell interaction as would occur in vivo, membrane-bound receptor-ligand pairs interact in only two dimensions (2D), which is to say each of the proteins is anchored in the cell membrane. This type of interaction is significantly more constrained than the 3D interactions that can be observed by surface plasmon resonance. In order to measure binding interactions in a more physiologically relevant manner, several novel techniques have been developed in recent years that are capable of assessing 2D binding events. One of these methods is based on single-molecule Förster resonance energy transfer (FRET), while the other is a mechanically based assay that visualizes binding via membrane stretching [6, 31] . The single-molecule FRET approach described by Davis and colleagues utilizes pMHC anchored to a planar lipid bilayer and intact T cells. The peptide is labeled with a fluorophore, and the T cell receptor is tagged by a fluorophore-labeled antibody fragment. By bringing these two labels into contact via TCR interaction with pMHC, one fluorophore served as a donor and the second as an acceptor to provide a FRET readout that allowed for calculation of various binding parameters (Fig. 1a ).
The mechanical micropipette adhesion frequency assay utilizes an intact T cell and measures its binding to a red blood cell (RBC) that serves as a surrogate antigen-presenting cell [7, [32] [33] [34] . In this assay, the RBC coated with pMHC monomers is used as a biosensor to detect binding events. In order to determine adhesion frequency, a T cell is aspirated onto one micropipette and a pMHC-coated RBC is aspirated onto a second micropipette. The two cells are brought into contact for a defined period of time, and the T cell is retracted to terminate the contact. If binding occurs, the soft RBC membrane elongates ( Fig. 1b ). By repeating this contact multiple times for each cell pair and for a number of different cells pairs and interaction times, the kinetic parameters of the binding interaction can be determined, including on-rate, off-rate, half-life of interaction as well as affinity. We have demonstrated that a number of these kinetic parameters strongly correlate with biological function (i.e., ligand potency), suggesting that 2D measurements are a more faithful representation of receptor ligand interactions as they occur physiologically than the 3D measurements that have been used in the past [7] .
One major advantage of the 2D approaches is that it is not necessary to express and purify the individual proteins of interest. This aspect makes the assessment of polyclonal populations difficult and time-consuming, if not impossible in three-dimensional analysis. However, the micropipette assay is readily adaptable to polyclonal T cells, as we have recently published [33] . The utility of the micropipette assay in determining the binding characteristics of polyclonal T cell populations may allow for more extensive profiling of autoreactive populations and their responsiveness to various therapeutic interventions as well as characterization of responses following vaccination or during chronic infection.
Both the FRET and micropipette 2D approaches demonstrated that in both CD4 [6] and CD8 [7] T cells, binding kinetics varied somewhat from what had been previously described using the 3D system, even when the same pMHC and TCRs were utilized. Two-dimensional analysis of TCR interaction with cognate pMHC resulted in rapid association and rapid dissociation and accordingly short half-lives of interactions. This is in stark contrast to the kinetics observed in the 3D system, which displayed rapid on-rates, but slow dissociation rates and thus longer interaction times [7, 29, 30] . The 2D interaction kinetics suggest a model in which T cells rapidly sample antigen, with strong stimuli resulting in short dwell time and thus perhaps engaging a greater number of TCRs. In contrast, weaker ligands bound with slower off-rates and longer half-lives, suggesting that interaction with a weak ligand may ultimately limit the number of T cell receptors that encounter antigen. These differences in binding kinetics likely affect signaling downstream of the TCR as well, providing one means of translating the interaction with antigen into effector outcomes.
Signaling in response to weak ligands: quantitatively and qualitatively unique
The simplest explanation for the differences in T cell activation observed with weak ligands is that there is a dose effect. If this were the case, then a low dose of a highly stimulatory peptide should induce signaling events similar to a high dose of a weak ligand. However, this is not the case. Studies assessing signaling events downstream of T cell stimulation with weak ligands have repeatedly demonstrated that unique signaling patterns result from weak stimuli.
In the seminal study assessing signaling in response to altered peptide ligands, Allen and colleagues demonstrated that stimulation of T cell clones with an anergy-inducing variant peptide resulted in a unique pattern of zeta chain phosphorylation [4] . Similarly, in a different system, altered zeta chain phosphorylation was demonstrated upon stimulation with variant peptides representing a partial agonist and an antagonist [5] . This unique pattern of zeta chain phosphorylation resulted in either a failure of ZAP-70 to associate with the T cell receptor complex or a lack of phosphorylation and activation of this kinase [4, 5] . Importantly, this effect was not mimicked by stimulating cells with even a 100-to 1,000fold lower doses of wild-type peptide [4, 5] , emphasizing that signaling in response to weak ligands is not explained by a simple dose effect but may in fact represent an alternative pathway of cellular activation.
The altered phosphorylation patterns observed in these early studies of T cell responses to weak ligands could potentially be explained by several different mechanisms. The simplest explanation for decreased phosphorylation events is a decrease in kinase activity. Alternatively, the signal delivered by a weak ligand could activate one or more phosphatases, which would rapidly remove the activating phosphorylation events. Given the complex nature of the signaling events downstream of the TCR, it is likely that both of these mechanisms are playing a role. As yet, no comprehensive studies have assessed both the positive and negative signaling events that occur upon stimulation of a T cell with a weak ligand.
In addition to the altered phosphorylation pattern of zeta and the lack of ZAP-70 activity observed on stimulation with weak ligands, a number of other positive signaling mediators are also absent. For example, MAPK activation is transient on stimulation of a CD4+ T cell with a partial agonist [35] . Similarly, in CD8+ T cells, stimulation with a weak agonist resulted in no detectable calcium flux or phosphorylation of Erk1/2, p38, or Jnk. However, cells stimulated with the weak ligand did accumulate phosphorylated c-Jun to the same level as agonist stimulated cells by 24 h of stimulation, suggesting that even undetectable levels of early positive signaling events may somehow accumulate in distal mediators of T cell activation, thus driving the limited positive responses to weak or partial agonist ligands ( [30] , our unpublished data).
A number of unique signaling events have been described in the setting of antagonism. Analysis of cells stimulated in this unique manner where both agonist and antagonist ligands are present suggests that the phenotype of antagonism is mediated by an active negative signal. Activation of Vav, SLP-76, LAT, and Erk1/2 was not observed by traditional biochemical methods on stimulation under antagonist conditions, although some minor phosphorylation events were observed at the T cell-APC interface using confocal microscopy [36] . Calcium flux, however, is not required for the induction of antagonism [37] , and this reduced or absent calcium flux may play a role in the blockade of proliferation and cytokine production [38] . Additionally, antagonism resulted in altered LFA-1/ICAM-1 interactions [38] and failure to form mature T cell-APC conjugates [39] . Other studies observed phosphorylation of Vav and SLP-76 upon antagonism, as well as stable T cell-APC conjugate formation [40, 41] , suggesting that some aspects of antagonism may be dependent upon the specific system or conditions. Furthermore, we have demonstrated that extended culture of transgenic T cells under antagonist conditions can permanently alter the phenotype of the cells, in a manner similar to what has been described for anergy [42] . Unlike the anergic phenotype, cells that have been antagonized and subsequently restimulated with agonist are capable of producing IL-2. In fact, these antagonized cells secrete more IL-2 than cells cultured on agonist, but are unable to proliferate, despite expressing the high-affinity IL-2 receptor at similar levels as agonist cultured cells. Similar to anergy induced by APLs, the non-proliferative phenotype cannot be rescued by the provision of exogenous IL-2. This unique phenotype emphasizes once more that the encounter of T cells with variant ligands can have a profound effect on both the early signaling events as well as the resulting effector functions of the cells.
Antagonism of T cells with altered peptide ligands has also been associated with the induction of negative signaling mediators, specifically activation of the Src homology 2 domain containing protein tyrosine phosphatase (SHP-1) [43, 44] . SHP-1 is a broadly expressed phosphatase that is generally thought to function as a negative regulator of cellular activation. In hematopoietic cells, SHP-1 has been shown to associate with a number of signaling intermediates including Lck, ZAP-70, various Jaks and Stats, the p85 subunit of PI3 K, CDK2, and the IL-2 receptor complex [45] [46] [47] [48] [49] [50] [51] [52] [53] [54] . SHP-1 is thought to be activated by phosphorylation of its C-terminal tail by kinases including Lck, making it perhaps the most TCR proximal negative regulator [46, 55, 56] . In addition to its role in T cell antagonism, we have also demonstrated that SHP-1 activity is required for anergy induction by an MHC variant peptide [57] and is upregulated in response to a viral escape mutant epitope [28] . These data suggest that the negative signals driven by T cell interaction with weak ligands may be largely regulated by SHP-1.
Recently, overexpression of the microRNA miR-181a has been demonstrated to abolish the inhibitory effect of an antagonist peptide, but was insufficient to convert the response to the level of the agonist [58] . This microRNA was shown to decrease expression of a number of inhibitory mediators in T cells, including several phosphatases. However, SHP-1 expression was not affected. These data suggest a model in which the negative signals delivered by an antagonist peptide engage multiple pathways, perhaps with SHP-1 as the most TCR proximal regulator and other phosphatases controlling downstream signaling events, although the details of these pathways remain to be clearly determined.
Role of receptor number in recognition of weak ligands
Several studies have utilized T cells expressing two distinct TCRs in an attempt to determine whether T cell antagonism is a passive process mediated by competition for ligand binding or an active process mediated by the activation of a negative signal. By using T cells expressing two receptors of different antigen specificity and/or MHC restriction, it is possible to deliver an agonist stimulus via one TCR and antagonist stimulus via the second TCR. Studies of this nature, while well conceived, gave mixed results. The initial studies of this setup failed to observe "cross-antagonism" in CD8+ dual TCR transgenic cells [59, 60] . That is to say, when the dual-receptor T cells were stimulated with an agonist for one receptor and an antagonist for the second receptor, no inhibition of cytolysis was observed. Subsequent studies by our laboratory and others, however, demonstrated potent crossantagonism of proliferation and cytokine production in CD4+ dual-receptor T cells [43, 61] . It has been suggested that this apparent disconnect between CD4+ and CD8+ T cell antagonism is due at least in part to the assays utilized to measure antagonism. Crossantagonism was consistently observed when the readout was proliferation or cytokine production, but not when the readout was cytolysis [43, [59] [60] [61] . These data suggest that the regulatory mechanisms governing various effector outcomes differ, rendering proliferation more susceptible to inhibition by antagonist ligands than cytolysis. These differences could be driven by different signaling requirements or differences in kinetics of both input and output signals, as proliferation is necessarily a longer process than degranulation-mediated cytolysis.
One caveat to the dual TCR system is that these T cells tend to preferentially express one TCR over the other. That is, one of the TCRs typically represents 70% or more of the TCR on the cell surface. Although this issue is never directly addressed in the early studies assessing antagonism in dual TCR cells, it is evident from assessing the fluorescence intensity of the staining for the TCR that one beta chain is more highly expressed. Considering this, we sought to determine what role TCR level may play in susceptibility to antagonism. By using antibodies to block specific TCRs, we demonstrated that antagonists as well as weak ligands require a significantly greater number of TCRs on the cell surface to exert their effects, when compared with agonist [62] [63] [64] . Full proliferation could be stimulated with agonist peptide with as many as 95% of the TCRs blocked [63] [64] [65] . This is in good accord with other studies demonstrating activation in response to a very few pMHC ligands, which is essentially the reciprocal experiment [66] [67] [68] . However, blockade of only 50% of the available TCR was sufficient to dampen responses to weak agonists, as well as the ability of an antagonist to inhibit the T cell response to agonist [63] .
These studies assessed TCR transgenic cells (AND, P14, and OTI) that have a very high affinity for their respective ligands. It has been postulated that autoreactive T cells are of low affinity for antigen due to both central and peripheral tolerance mechanisms [69] [70] [71] . Given this idea, we sought to determine whether blocking the TCR of a self-reactive T cell would result in the inability of those T cells to respond to their "agonist" ligand. In accordance with the idea that autoreactive cells respond to their agonist ligand as if it were a weak agonist due to the low affinity of the TCR, we demonstrated that a 5% decrease in the number of TCR on the surface increased the EC50 by threefold, and a 75% reduction in TCR shifted the EC50 by more than 350-fold [64] .
Together, these data are reminiscent of the pharmacological idea of a spare receptor theory. The spare receptor theory postulates that a given ligand (i.e., pMHC in the case of T cell activation) can exert maximum biological effect while only engaging a small number of the available receptors (Fig. 2) . This, of course, begs the question of the purpose of having such an excess of receptors. In the case of T cells, it seems likely that the importance of this receptor reserve is twofold. First, a high number of receptors may allow for the recognition of self-peptides and/or MHC that is required for survival signals as well as homeostatic proliferation [65, 72, 73] . Secondly, excess receptors allow for the recognition of a broad spectrum of ligands [62] [63] [64] . This is a key aspect of T cell protection from pathogens, as the number of T cell specificities in the body is limited. A system employing spare receptors allows for each T cell to potentially recognize a greater number of ligands through crossreactivity. This cross-reactivity likely increases the risk of autoimmune disease, in addition to increasing the chance that the T cell repertoire will be able to respond to a pathogenic challenge. Similar to this, a recent study described a system in which infection with a virus was sufficient to induce autoimmune disease [74] . In this system, mice transgenic for a TCR recognizing a myelin basic protein epitope were activated via a second, endogenous receptor specific for a viral epitope. This activation was sufficient to allow the cells to mediate tissue damage. The delicate balance between autoimmunity and immunity to pathogens lies at the heart of the T cell response. Peripheral tolerance mechanisms are typically able to keep autoimmunity at bay, allowing for the maximum available repertoire to respond to foreign antigens, although escape from tolerance can and does occur.
Therapeutic potential of variant peptides
Given the pivotal nature of the TCR-peptide-MHC interaction in determining the subsequent T cell response, a number of attempts have been made to utilize variant peptides therapeutically. Variant peptide therapies have been described in animal models of multiple sclerosis [75] [76] [77] , myasthenia gravis [78, 79] , allergy [80, 81] , type 1 diabetes [82, 83] , arthritis [84] [85] [86] , and psoriasis [87] . These efforts have generally been very successful in animal models of autoimmune disease, but have often been less successful in clinical trials [88] [89] [90] .
Initial studies of peptide therapies in experimental autoimmune encephalomyelitis (EAE), a rodent model of multiple sclerosis, utilized altered peptide ligands with one or more amino acid substitutions in an attempt to ameliorate disease. This approach, which frequently resulted in immune deviation from a Th1 to a Th2 phenotype, was effective in EAE induced by several different antigenic epitopes, including proteolipid protein [76] and myelin basic protein [75, 77] . An altered version of the myelin basic protein epitope was subsequently utilized in clinical trials as a means to treat multiple sclerosis [88, 89] . The phase I trial was ultimately too small and too short-lived to assess efficacy and was halted due to adverse reactions, including exacerbation of disease and some hypersensitivity responses [88] . A subsequent phase II trial demonstrated no significant differences in frequency or number of relapses, although a decrease in volume and number of lesions following treatment and a shift to a Th2 phenotype in responding T cells were observed [89, 91] . The Th2 phenotype of cells from these patients was maintained long term (2-4.5 years) [92] . The phase II trial was also halted due to adverse reactions, particularly hypersensitivity responses in approximately 9% of patients. This adverse reaction most frequently manifested as itching or rash and seemed to correlate with the number of injections the patient had received [89] . Interestingly, injection of some unaltered self-peptides or altered peptide ligands resulted in hypersensitivity in the form of anaphylaxis in several mouse models of autoimmunity (type 1 diabetes and EAE) [93] [94] [95] [96] , suggesting that hypersensitivity may be a typical rather than an atypical response to peptide therapies (wild type or altered) during ongoing autoimmune disease. Although subsequent studies have successfully engineered peptide therapies that did not cause anaphylaxis in mice [96, 97] , clinical trials utilizing altered peptide ligands to treat multiple sclerosis have not been revived.
An additional problem with therapeutic use of altered peptide ligands, which typically contain amino acid substitutions at the TCR contact residues, is the outgrowth of T cell clones specific for the APL itself [88] . This type of response could at best impede therapeutic efficacy and at worst exacerbate ongoing autoimmune disease. In order to circumvent this problem, we have utilized an approach in which amino acid substitutions are made at MHC anchor residues rather than TCR contacts (Fig. 3 ). In this way, the peptide-MHC interaction can be destabilized, resulting in the decreased ability of the T cells to be activated. In fact, we have demonstrated that in addition to inducing anergy in autoreactive T cells, MHC variant peptides can prevent the induction of EAE when used in a vaccination strategy as well as decrease disease severity when given in soluble form during ongoing EAE [96, 98] . Outgrowth of variant specific populations has not been observed, likely because the face of the peptide recognized by the T cells is not dramatically altered by the substitutions that have been introduced. Furthermore, no evidence of anaphylaxis was observed upon treatment with MHC variant peptides, even though altered peptide ligands in the same system did cause rapid death due to an anaphylactic reaction [96] . Perhaps these and other improvements on peptide therapies will lead to new clinical trials, with the hope of treating diseases for which current therapies are of limited efficacy.
Summary
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